A bstract-Current leads that rely on high-temperature superconductors (HTSs) to deliver power to devices operating at liquid helium temperature have the potential to reduce refrigeration requirements to levels significantly below those achievable with conventional leads.
I. INTRODUCTION
1Jse of high-temperatures superconductors (HTSs) for current leads to deliver power to devices operating at liquid helium temperature, now near commercial realization, has the potential to reduce refrigeration requirements to values significantly below the theoretically best values achievable with conventional leads [ll. Such leads are particularly advantageous for superconducting magnetic energy storage (SMES) devices.
The Babcock & Wilcox Company is engaged in a project to design, build, and demonstrate a mid-sized SMES system. The SMES has an 0.5-MW-hr energy capacity with a discharge power of 30 MW.
As part of the U.S. Department of Energy's Superconductivity Technology Program, Argonne National Laboratory and Babcock & Wilcox are developing HTS current lead. suitable for application to SMES systems.
PERFORMANCE SPECIFICATIONS
Current-lead performance specifications were developed for the SMES system. Major requirements for the lead's performance are given in Table I .
In addition to the performance requirements, the current lead assembly is to be manufacturable in a cost-effective manner. In. GENERAL ARRANGEMENT
The general arrangement of the current lead is shown in Fig. 1 . The major subassemblies of the current lead are the The current lead operates in its own separate dewar, which is electrically connected to the SMES magnet via an electric bus in an He transfer line. The advantages of this arrangement are (a) elimination of a 4 K, high-current, high-voltage feedthrough; (b) reduced applied magnetic field at the conductor surface; and (c) less-complicated installation and maintenance. The disadvantages are increased complexity of the He transfer line to the magnet and the added heat load of the additional dewar.
IV. UPPER STAGE CURRENT LEAD
Gas-cooled leads (GCLs) are designed to efficiently transmit current from 300 K to the upper/middle stage transition operating at approximately 50 K. Helium gas at 42 K is supplied by a refrigerator and removes the resistive heat from the transition, as well as the resistive and conductive heat from the GCL itself. The GCL is essentially a currentcarryin'g heat exchanger divided into an upper and a lower portion. The residual heat not removed by helium gas exiting the top of the GCL, as well as the resistive heat traveling up from the transition, is removed by the GCL lower portion.
This short segment of the lead uses a relatively large helium flow tapped from an intermediate stage of the refrigerator and returns most of the flow back to the refrigerator at a slightly elevated temperature. The balance of the flow enters the upper portion of the lead, where it returns to the refrigerator room-temperature return manifold. Performance requirements of the upper stage current lead are given in Table 11 . The GCL is an adaptation of a vendor-manufactured vaporcooled lead with a cross section and wetted perimeter based on a standard vapor-cooled design optimized for minimum lowerend heat flow [2]. Valves on the piping connected to the GCL control the gas flow. Electrical breaks at the piping connections and at the dewar interfacing flange isolate the rest of the refrigerator piping and dewar from high voltages introduced by rapid current discharge of the SMES coil.
The lead's thermal performance has been analyzed with a numerical simulation program described by Wesche and Fuchs [3] . Output parameters are optimized for minimum refrigeration power [4], given available temperature and flow constraints from refrigerators currently under consideration and a minimum burnout time derived from the SMES coil discharge time constant. Both upper and lower portions of the lead are analyzed separately, based on common temperatures and heat flows at their interface. At the top of the upper portion, the heat flux and temperature were designed to be zero and 300 K, respectively. Input parameters at the bottom portion included the estimated safe operating temperature and heat flow from the transition, in addition to that contributed by the upper portion. Estimated heat flow down a lead that enters the high-gas-flow portion is 86 watts, and resistive heat to be removed from a transition is 13 watts.
One of these leads will be tested with helium having the same flow rates and temperatures as it will experience in the SMES current lead dewar. Heat from the uppedmiddle stage transition will be simulated with a resistive heater. The lead will be evaluated from zero to 105% of maximum operating current. Temperatures of both the lead conductor and the gas stream supply and effluent will be measured. These data will then be compared to predicted values.
V. UPPEWMIDDLE STAGE TRANSITION
The upper stage/middle stage transition functions include (a) electrical and structural connection, (b) current sharing control, and (c) intermediate temperature heat exchange.
Electrical and structural connection to the upper stage is by a large, fine-pitch screw thread. The mating threaded sections are made of ETP copper and are plated with nickel and gold to improve electrical and thermal conductance across the joint. The male thread is tinned with indium. Previous experience with similar screwed connections indicate that the specific electrical resistivity, based on the developed contact area of one side of the thread form, is 0.8 pi2 cm2 at 77 K [5]. Predicted resistance for this screw joint is 0.015 pf2 at 77 K.
Current flow through the transition can have two paths. During normal (i.e., superconducting) operation, all current flows through the female portion of the threaded connection to a circular array of current buses. To accommodate nonuniform contact resistance to the HTS elements, the buses are made of ETP copper and their geometry, area, and length are sized to control the current s h e n g between HTS conductor elements. Bus resistance is designed to be five or more times that of the sum of the other resistances in the conductor element current path. During the upset condition corresponding to the HTS elements being in the normal state, a fraction of the current flows through the female portion of the threaded connection to the middle stage safety lead, while the remaining fraction flows in the conductor element. The amount of current flowing through the safety lead will depend on the magnitude of the disturbance, which controls the amount of HTS that has become a normal conductor.
Helium gas at 42 K with a mass flow rate of 2.5 g/s is injected at the lower end of the transition. The gas absorbs the ohmic heating of the normal metal components and the electrical connections and then enters the upper stage for its cooling. At design conditions, the temperatures of the HTS conductor element warm end and the upper stage cold end are 55 K and 51 K, respectively.
Prior to testing an actual prototype current lead, the electrical characteristics of the transition will be experimentally evaluated by operation of a full-scale mock-up with current in liquid nitrogen. Areas to be studied include assembly procedure, electric resistance, and current sharing.
VI. MIDDLE STAGE CURRENT LEAD
The middle stage current lead functions include (a) a lowheat-leak current path to 4 K, and (b) an electrical safety lead for protection in the event of HTS quench. The axial and radial cross sections of the middle stage are as shown in Figs. 2 and 3.
The middle stage incorporates 18 parallel HTS conductor elements configured in a cylindrical array. The conductor elements are supported by an internal safety lead and are connected at their ends to current collectors. Most of the middle stage is cooled by conduction from its 4 K end.
A. HTS Conductor Elements
The HTS material requisites include (a) high Jc, (b) moderate JC reduction at moderate applied fields, and (c) availability from commercial supplier. HTS conductor types considered were (a) powder-in-tube (PIT) tape composite, (b) bulk cylindrical tube, and (c) encapsulated bulk composite. A Bi-2223 PIT tape composite was selected [6-81.
Advantages of PIT composite conductors include (a) high Tc, (b) high Jc, (c) Jc relatively insensitive to applied field at low temperature and low applied fields, (d) structurally rugged with good strain tolerance, and (e) silver sheath thermal conductivity adjustable by alloying, (f) improved interrupt condition protection capacity, and (g) greater flexibility in meeting geometric constraints. The major disadvantage is the potential high cost associated with fabricating the conductor elements. Uncertainties include piece-to-piece uniformity, end connection resistance due to resistivity of the alloyed sheath, and lifetime and reliability. Performance of the conductor elements is being evaluated experimentally. Measurements include conformance to specification, connection resistances, piece-to-piece uniformity, and lifetime and reliability.
B. Safety Lead
The safety lead is the core of the middle stage assembly. It provides an alternate current path, and more importantly, additional thermal mass in the event of HTS element quench. The current path is through a 304 stainless steel cylinder that is slotted to guide and mechanically support the conductor elements. The external surface is nickel-and gold-plated to improve thermal contact between the conductor elements and the safety lead. The conductor elements are fixed axially at their warm ends and are strain-relieved at their cold ends. The conductor elements are radially compressed into the slots.
The safety lead is designed to limit the HTS temperature to <400 K during a quench and has a conductive heat leak to 4 K of <2 W. In the event of catastrophic failure of the HTS leads, the safety lead has a burnout time of >lo0 s so that current in the SMES magnet can be brought down to safe levels without causing further damage to the magnet and its subsystems. 
VII. MIDDLWLOWER STAGE TRANSITION
The middle stagenower stage transition functions include a low electrical loss current path and HTS conductor axial strain relief.
The electrical connection to the lower stage current junction is by twisted parallel strands of low-temperature superconductor. The strands are shaped to provide axial strain relief. The 4 K heat load due to connection ohmic heating is 1 w .
VIII. LOWER STAGE
The lower stage functions include (a) a low-loss electrical bus, (b) mechanical support and (c) cryogenic stability for the SMES conductor.
Electrical and structural connection to the middlenower stage transition is by a clamp connection. The mating surfaces are made of ETP copper and are plated with nickel and gold to improve both electrical and thermal conductance across the joint. Indium foil is inserted to improve electrical and thermal contact conductance. Previous work on similar connections with an indium foil insert predicts an electrical contact resistance of 5 x 10-9 R-cm2 at 4 K [9]. Predicted thermal resistance for the lower stage connection is 0.89 WW at 4 K. The cross-sectional area and length of the lower stage copper bus are sized to provide adequate thennal conduction so as to limit the temperature rise of the middlehower stage transition to less than 1 K. Associated overall ohmic heating is 1.23 W.
IX. CURRENT LEAD ASSEMBLY
The current lead assembly is modular in nature to facilitate installation, repair, or possible replacement with either conventional leads or improved HTS conductor elements. The upper stage will connect to the dewar with a metal gasketed flange having high voltage isolation.
X. THERMAL PERFORMANCE
The purpose of using an HTS current lead rather than a conventional vapor-cooled lead in the SMES system is to reduce the required room-temperature refrigeration power. In any binary current lead design, required room-temperature refrigerator power cannot be reduced below the power necessary to cool the normal conducting part of the lead. This power depends upon the cooling concept and the cold-end temperature of the normal lead. The higher the cold-end temperature, the higher the Camot efficiency for removing heat at the intercept temperature. The upper limit of this intercept temperature is the HTS TC at the operating magnetic field and current. The practical upper limit of this intercept temperature is application-specific and will depend upon a number of system variables. For this application, a SO K intercept was chosen. Numerical analysis of the HTS lead shows a reduction in a 4 K equivalent heat load by nearly onehalf that of a conventional vapor-cooled lead. This reduction translates to >lo0 W equivalent heat load at 4 K. IJse of an HTS lead allows a reduction in the initial capital cost of the refrigeration system, in addition to a reduction of the longterm operating cost of the refrigerator. Complicated issues pertaining to the difference between (a) an HTS current lead and a smaller refrigeration system and (b) a conventional vapor-cooled lead with a larger refrigeration system, in terms of SMES system availability and reliability, have yet to be determined XI. CONCL~JSIONS An HTS current lead with a 16 kA operating current has been designed for incorporation into a near-rem, 0.5-MW-hr capacity, 30 MW SMES system.
The helium-gas-cooled upper stage lead operates between 300 and 50 K. Features include muItiple gas flow passages and two-stage heat exchange. The SO K heat load for both leads is 196 W.
The conduction cooled middle stage lead operates between 50 and 4 K. Current flow is shared by a cylindrical may of 18 parallel composite conductor elements fabricated from Bi-2223 PIT tapes having a silver-with-gold alloy sheath.
Protection is provided by a stainless steel safety lead installed in parallel to'the conductor element array. The 4 K heat load for both leads is 11.2 W.
A supporting development program is underway and includes evaluations of conductor element performance and reliability, upper stage performance, connection resistances, current sharing, and manufacturing methods.
A full scale prototype lead will be evaluated under simulated operating conditions.
